Walls of the pigmented strain of Micrococcus radiodurans showed several layers in the electron microscope. These layers include an outermost network structure removed by trypsin, a fragile soft layer containing hexagonally packed subunits, and a rigid layer penetrated by numerous holes. The two inner layers were separated by a process of autolysis, trypsin treatment, and gradient centrifugation. The hexagonally packed layer was less dense, pink in color, and it contained carotenoids, lipid, protein, and polysaccharide. The lipid consisted of odd-numbered as well as evennumbered fatty acids, and the polysaccharide contained rhamnose and mannose, but it did not contain heptose. The "holey" layer was white and was composed of a mucopeptide containing glucosamine, muramic acid, and four main amino acids (glutamic acid, alanine, glycine, and L-ornithine, in the ratios of 1: 1.7:1.8:1.2, respectively). This layer also contained phosphorus, glucose, and a trace of mesoand LL-diaminopimelic acid. A white mutant, W,, of M. radiodurans had no pigment or lipid in its walls, but it contained small amounts of the "hexagonal" layer. The holey layer, constituting the bulk of the wall, was similar in morphology and composition to that layer in the pigmented strain. Lysozyme did not remove the lipoprotein-polysaccharide component from the walls of the pigmented strains, and the hexagonally packed structure was not visibly affected, except for change in a minor structure. Most of the mucopeptide layer was solubilized by lysozyme, but a structureless bag-shaped residue was left. This residue contained phosphorus, carbohydrate, and limited amino acids, but it did not contain muramic acid, glucosamine, or ornithine. Aqueous phenol removed a lipoprotein component from strain R1, which contained limited fatty acids. It also removed meso-and LL-diaminopimelic acid.
Micrococcus radiodurans is a gram-positive radiation-resistant coccus originally isolated by Anderson and co-workers (3, 13) . The rose-pink organism usually grows in tetrad form. Its resistance to ionizing and ultraviolet radiations was studied by Moseley and others (7, 23, 24) ; colorless mutants (strains W) are also radiationresistant (22) . A morphologically similar pink species of Micrococcus (now referred to as M. radiodurans strain Sark) was independently isolated (R. G. E. Murray and C. F. Robinow, Abstr. 7th Intern. Congr. Microbiol., p. [427] [428] 1958) .
The walls of the pink species of M. radiodurans are not typical of gram-positive cocci; they contain lipoproteins, as well as a mucopeptide in which L-ornithine is the principal diamino acid instead of the more usual diaminopimelic acid or lysine (38) . The walls were shown to be unusual morphologically, when examined in whole or broken cell preparations (14, 25, 35) . Several characteristic structures were observed, such as hexagonal packing and regions penetrated by many holes.
The present investigation is a morphological and chemical study of wall preparations of pigmented and nonpigmented strains of M. radiodurans. Physical separation of the layers containing the hexagonal and perforated structures enabled us to determine the composition of these layers. The chemical and morphological effects of lysozyme and phenol were also studied.
MATERIALS AND METHODS
Organisms. M. radiodurans strains R1 and Sark were obtained from R. G. E. Murray; a white mutant WORK AND GRIFFITHS extract powder (Oxoid), 3 g; DL-methionine, 1 g; and glucose, 1 g (added after autoclaving). The medium was adjusted to pH 7.0. For strain Wi, 10 ml/liter of liver extract (Oxoid) was added. The harvested cells were washed twice with 0.9% NaCl and stored, if necessary, at -10 C.
Preparation of cell walls. The method used for the preparation of cell walls was essentially that described previously (38) . Bacterial contamination during preparation was avoided by use of chloroformsaturated liquids throughout, except in the first step. Four stainless-steel capsules, each containing 30 ml of cell suspension [15 to 20 mg (dry weight)/mlJ, two drops of octanol, and 30 g of Ballotini beads, were shaken in the shaker head of a PRI International Centrifuge (32) at 2 C. Shaking was continued until most of the cells were broken (30 to 50 min), and then the capsules were heated for 10 min at 60 C to inactivate lytic enzymes. The beads were removed by filtration, and the majority of unbroken cells were separated by centrifugation at 1,000 X g for 7 min. The walls were sedimented at 25,000 X g for 15 min, suspended in 200 ml of 0.1 M sodium phosphate buffer, pH 7.8, containing 1%/o crude trypsin (British Drug House, Ltd., Poole, Dorset, England) and a few milligrams of deoxyribonuclease, and incubated at 37 C until the optical density (OD) ceased to fall (6 to 18 hr). Any material subsequently sedimenting at 1,000 X g was discarded, and the walls in the supernatant fraction were sedimented at 20,000 to 25 ,000 X g for 15 to 20 min. These walls were then washed successively with three washes each of 0.9% NaCl, 0.1 M phosphate buffer, pH 7.0, and water. The preparations were lyophilized.
Density gradient centrifugation of walls. The technique (39) used for density gradient centrifugation of walls was described by Allsop and Work (2) . This separation was usually applied to walls immediately after trypsin treatment. The sedimented walls were washed once with water and suspended in 1 M NaCl; 12 ml of this suspension was then layered onto a gradient of sucrose (0 to 40%, w/v, in 1 M NaCI) contained in a 250-ml glass centrifuge bottle. The gradients were made by the method of Ribi and Hoyer (28) . After layering the walls on top of the gradients, the bottles were centrifuged for 30 to 60 min in a swing-out head at 1,400 X g. The individual bands were collected by pipette and were pooled and centrifuged. The pads were suspended in 1 M NaCl, centrifuged on fresh gradients until free from other fractions, dialyzed free from sucrose (negative Seli- wanoff test for ketoses on 1 ml of washings), and lyophilized.
Lysozyme treatment of walls. Walls were suspended in 0.1 M sodium phosphate buffer, pH 6.8. Lysozyme, dissolved in the same buffer, was added to give a final concentration of 100 ,Ag/ml, and the mixture was incubated at 37 C. At various times, the opacity of the suspension was measured, and samples were removed, cooled, and centrifuged at 2 C, washed once with water, treated with phosphotungstic acid, and examined in the electron microscope. Larger scale digestions were carried out as previously de- scribed (38) .
Phenol treatment of walls. Walls (50 mg) were shaken for 4 hr at 18 C with water-saturated phenol (5 ml). Solids were separated by centrifugation, and the supernatant solution was freed from phenol by dialysis.
Ultrasonzic treatment of walls. Walls suspended in 1 M NaCI in a test tube were subjected to mild ultrasonic vibrations by use of an ultrasonic generator, model T-40C1 (Ultrasonic Industries Inc., Albertson, L.I., N.Y.), for periods of up to 20 min.
Optical measurements. The opacity of suspensions was measured in the EEL portable colorimeter, model A (Evans Electroselenium Ltd., Halstead, Essex, England), using filter no. 623. Other measurements were made in Unicam Spectrophotometers SP500 and SP600.
Analyses. Extractable lipids were estimated by measuring the difference between the weights of dried material before and after two 0.5-hr extractions at room temperature with a mixture of equal parts (v/v) of chloroform and methanol. Fatty acid analyses were made by gas-liquid chromatography of fatty acid esters (19) ; phosphorus was determined by methods described elsewhere (1, 9) . Amino acids and hexosamines were examined after hydrolysis in 4 N HCl at 100 C for 18 hr. These substances were then subjected to paper chromatography or electrophoresis and were developed with ninhydrin. Methanol-water-pyridine-12 N HCI (32:7:4:1, v/v) was used as a solvent to identify lysine, ornithine, and the isomers of diaminopimelic acid by their mobilities and by the characteristic colors produced by this solvent when the spots were developed with 0.1 % ninhydrin in acetone (27, 29) . Hexosamines were identified on paper previously washed with 0.1 M BaCl2 irrigated for 48 hr with butanol-pyridine-water (6:4:3), or they were identified by paper electrophoresis (300 v) in 1 M acetic acid. Two-dimensional chromatograms in aqueous phenol (ammonia atmosphere) and butyl alcohol-acetic acid-water (63:10:27, v/v) separated other amino acids. Quantitative amino acid and hexosamine estimations were made automatically (34) by use of a Technicon analyzer (Technicon Co., Inc., Chauncey, N.Y.).
Total carbohydrate was estimated by the phenolsulfuric acid method (11) , with glucose as a standard, as described by Allsop and Work (2) . Sugars were identified by paper chromatography after hydrolysis with 1 N H2SO4 for 4 hr at 105 C and subsequent neutralization with Ba(OH)2. The solvents were butyl alcohol-acetic acid-water, as above; butyl alcohol-pyridine-water (6:4:3, v/v); and ethyl acetate-pyridine-water (5:2:7, v/v, top layer). Sugar spots were revealed by silver nitrate reagent (36) . Glucose and galactose were estimated enzymatically by specific oxidases (16, 30) in the eluted neutral sugar fraction remaining after removal of hexosamines by paper electrophoresis. The delayed reaction with Lcysteine and sulfuric acid (10) Fig. 1 ). The thickness of this wall layer is about 160 A. The sheath varies in thickness (from 160 to 300 A), giving the bacterium an irregular convoluted outline.
The cells of M. radiodurans W1 grew in large flat groups, and individual cells were larger than M. radiodurans R, (1.9 ,u diameter, as compared with 1.2 A for R1). The wall layer was thicker, up to 700 A (Fig. 2) , and the light and dark radiating bands were again clearly visible in radial sections (arrow). The sheath was bounded by a 75 to 100 A convoluted membrane, and it had the same range of thickness as that of M. radiodurans R1.
Morphology of walls of M. radiodurans. No significant morphological differences were observed between the walls of pink R, and Sark strains. The two strains will therefore be described indiscriminately. Walls prepared by the standard method resembled coccal cell walls in their shape but were larger (up to 2,u diameter). They sometimes occurred as single cell envelopes with a visible equatorial plane of fracture; more frequently, pairs of envelopes were seen. There were two characteristic patterns in negatively stained preparations of the walls (Fig. 4) , the most common being a spotted pattern previously termed "holey" (35) , which usually covered most of the wall surface. The other, a hexagonal pattern, was seen in fragments of various sizes either covering portions of the wall surfaces or separated from them.
During certain preparations of walls (designated preparations 11 and 12), the materials were examined in the electron microscope at each stage of the preparation. The unsedimented broken cells, examined before or after the initial heat treatment, were often characterized by a structure which appeared as a network of curved double white lines surrounding darkly stained areas (in Fig. 5 , the network is seen in profile at the folded edge of the wall, indicating that it was located on the outside of the wall). Three other types of structures were observed in these broken cell preparations, either the holey pattern (shown faintly in Fig. 5 ), the hexagonal pattern, or a composite pattern (Fig. 6) . Treatment of the broken cells with trypsin removed the network structure; with minimal subsequent handling, whole walls completely covered with the composite pattern (as in Fig. 6 ) were occasionally obtained. Other such preparations showed various mixtures of holey and hexagonal patterns (Fig. 7a, 7b ). Some preparations, examined immediately after trypsin treatment (i.e., before washing), showed a hexagonally packed layer as a hemisphere, which appeared to be either unfolding from around the spherical holey layer (Fig. 7a) or emerging from inside it (Fig. 7b) . Subsequent washing processes usually resulted in the progressive fragmentation and gradual loss of hexagonal patterns.
Physical separation of two layers from walls. After trypsin treatment of one preparation (12) of walls of strain R1, the pad sedimenting at 20,000 X g had an unusual appearance in the centrifuge tube. Instead of containing the usual homogeneous pink material, the pad consisted of two distinct regions, an opaque whitish lower region and a translucent pink upper band, which had the physical properties of a soft jelly. The top pink band consisted mainly of irregularly shaped masses of hexagonally packed material with some fragments of holey material, whereas the white band and deposit contained mostly holey material having the shape of whole cells, with a minor proportion of hexagonal structures. Reasonably homogeneous preparations of each of these bands were achieved after numerous gradient centrifugations and a further treatment of the white band with trypsin. The final preparation of the white band contained mainly unfragmented walls showing the holey structures (Fig. 8) . The pink band consisted entirely of masses of irregularly shaped plates of hexagonally packed material interspersed with amorphous material (Fig. 9 ).
The experiments just described resulted in a physical separation of each of the two types of structures usually found together in the normal cell wall preparation of strain R, after trypsin treatment. The separation had not occurred before. Usually, after trypsin digestion, the pad was homogeneous in appearance, and densitygradient centrifugation did not produce the two discrete pink and white bands. Instead, there was a gradual merging from a dark pink opaque material at the top of the gradient to a wide orange-shaded opaque region which occupied most of the bottle. A dark pink deposit was always obtained. In attempts to repeat the separations, the walls were subjected, before heating or trypsin treatment, to ultrasonic disintegration for up to 20 min, a technique used for detaching a surface patterned layer from walls of Lampropedia hyalina (8) A preparation (15) of walls of strain W1, made in the usual way, separated on a density gradient into a deposit and two sharp bands, a very scanty colorless top band having the transparent appearance and jellylike consistency of the pink top band obtained from strain R1, and a middle white cloudy band well separated from the top. Since there was very little in the top band (5 mg), the materials were not subjected to further gradient centrifugations but were washed and examined in the electron microscope. The top transparent band was morphologically identical to the crude pink band obtained from strain R1, and it contained hexagonally packed pegs with occasional fragments of holey structures (Fig. 10) . The lower cloudy band consisted mainly of complete walls covered with spotty patterns and a few hexagonal sheets. Other samples of walls from strain W1 (e.g., preparation 17) did not separate into two bands on density gradients. The usual deposit was obtained, and the rest of the material formed a very wide single opaque white band each time it was subjected to a gradient.
Fine structure of wall fractions. The hexagonally patterned material, which was isolated in the pink band from strain R1 (Fig. 9) , apparently fragmented easily and formed irregularly shaped masses bearing no relation to the shape of the whole bacterial wall. The pattern itself was very regular and distorted little during preparation. The margins of fragments frequently followed the line of the pattern so that fragments usually had some straight edges. The pattern in this and other negatively stained preparations was formed by lightly stained pegs arrayed in hexagonally packed rows (Fig. 15c,d) ; at the center of each peg there was usually a dark dot. Each peg was connected to its neighbors by lightly stained spokes. The dimensions of the pattern units are shown in Fig. 16 .
Two types of Moire patterns were often seen superimposed on the basic pattern (Fig. 7b, 10,  13 ). The pattern with smaller periodicity (Fig.  14b ) was observed more frequently than the larger pattern (Fig. 14c) .
On sectioning, the material in the pink band showed no differential staining but appeared as homogeneous patches with no regular shape or thickness. The hexagonal layer could not therefore be recognized in sections.
The hexagonally packed structures seen in the scanty top transparent band from strain W, (Fig. 10) were similar to those from the pink band of strain R, walls. Similar structures were occasionally seen in routine wall preparations from strain WI, so it must be concluded that they are normally present in this strain, although in small amounts. The white band from strain R1 contained patterned envelopes which retained the spherical shape of the individual pairs of bacterial cells ( Fig. 8) . In negatively stained preparations, the pattern which covered the whole surfaces of the spheres appeared as scattered, darkly stained, roughly circular spots on a light background. In profile (Fig. 1Sa) , the spots were seen to be holes filled with phosphotungstate. Sometimes the holes occurred in rows alternating with those immediately above and below. However, it was usually difficult to detect any such regularity, which suggests (Murray, personal communication) that the layer became distorted during preparation. The holes varied in size and shape, having diameters of 80 to 150 A. In certain preparations from strain R1 which had been put on several gradients, there were also short ribbonlike inclusions (sheaves) lying across the holes (Fig. 8, 11 ), sometimes singly but more often in bundles.
When fixed in osmium tetroxide and sectioned, the holey layer showed up well as a single morphological unit in both transverse and tangential sections (Fig. 3) . The holes were similar in size and arrangement to the black spots observed in negatively stained preparations. In this case, however, the holes were white, whereas the background was stained. The holes had an average diameter of 100 A (range 80 to 120 A), and the layer was about 240 A thick. In profile, the holes were occasionally seen to extend right through the layer; more frequently, the holes were cut obliquely and appeared as depressions at one of the boundaries.
Origins of Moire and "composite" patterns. The Moire patterns in the hexagonal layer can be shown to originate from slight dislocations of two or more superimposed identical hexagonally packed layers, as shown diagrammatically in Fig. 14a-c . At least two layers can be seen in various fragments of the hexagonal layer. Sometimes one layer overlaps or folds over a smaller fragment of a different shape (Fig. 4, 13) , or, more frequently, the two layers have almost identical shapes and are distinguishable only by the fact that a single row of pegs of one layer is visible outside the boundaries of the other layer (Fig. 7b, 9, 10, 15c ). Sometimes one fragment shows two Moire patterns of different periodicities, as well as the basal hexagonal pattern (Fig. 10, 13) . At other times, a single Moire pattern is apparent (Fig. 7b, 9 ), but usually the two layers are in perfect register and only the hexagonal pattern is seen (Fig. 4, 9, 15c ). Slight dislocations of the two layers, resulting in a displacement of about 50, would create the pattern with the small period (Fig. 14b) . Rarer, larger displacements (up to 300) would produce patterns with larger periods, one of which is shown in Fig. 14c .
The composite pattern is more complex and was observed infrequently. Its possible origin is illustrated in Fig. 1 Sa-f. Scale models (Fig.  15b,e) of the holey and hexagonal patterns (Fig. 15a,c,d ) were photographed. A print (Fig. 15g) (Fig. 15f) 15 from strain W1 (the deposit was removed by gradient centrifugation) showed very similar ratios (Table 4) to those found in the crude unfractionated walls (preparation 16), but the concentration of mucopeptide constituents was higher in preparation 15 . Both of the preparations resembled the white band from strain R1, and they contained no trichloroacetic acid-extractable phosphorus.
Effect of lysozyme on wall structure and chemistry. When unfractionated walls of strain R, were incubated with lysozyme, there was a rapid change in morphology concomitant with a fall in OD. After 5 min, when the OD of the suspension had decreased slightly, the black spots in the "holey" layer became larger, irregular, and less well defined (Fig. 12a) , whereas the hexagonal patterns were more clearly delineated (Fig. 15d) . With longer digestion, the black spots gradually became more diffuse and rare. After 2 hr (33 % fall in OD), the whole structure, although still rigid and of the same shape as the original cell, lost its characteristic appearance and showed little ultrastructure. The dots in the middle of the pegs of the hexagonal structures disappeared after 30 min (Fig. 12b) , but the connecting spokes, although difficult to detect, were always present. Even digestion for 21 hr did not alter the exact alignment of the pegs, and Moire patterns could still be detected. However, the and 15) were not completely solubilized by lysozyme. Very small resistant residues (less than 5 % of starting weight) remained. These residues contained no muramic acid and only traces of glucosamine, but their other sugar components were the same as those of the original wall fraction. A change in amino acid composition from the typical mucopeptide pattern of untreated material was, however, noted by paper chromatography. Lysozyme-resistant residues not only had lost all their ornithine, but also contained considerably more aspartic acid and threonine relative to glutamic acid, glycine, and alanine (still the dominant amino acids); valine and leucine became slightly more prominent, and cystine and arginine appeared.
Detailed analysis was carried out on the soluble lysozyme digest of crude walls of strain Sark, after removal of soluble protein and dialyzable substances (38 Glauert (15) , as a single exterior layer which is folded in places, or as one innermost layer, visible as a collapsed bag with its opposite sides pressed together (a situation analogous to that observed in collapsed phage polyhead tubes; 17). It is impossible to decide on any one of these alternatives. Figure 7a suggests that there is a double layer outside the "holey" layer; Fig. 7b could be interpreted as showing fragments emerging from within the wall, whereas Fig. 9 suggests that separated fragments may themselves form bags since single rows of pegs are visible all around the boundaries of many fragments.
The infrequency with which the hexagonal and holey layers were completely separated suggests that they are closely associated in normal preparations and are probably only visible after tearing of the fragile hexagonal layer. The holey layer, which contains the mucopeptide component, retains the shape of the cell, although its pattern appears to be deformed during preparation. When the original alignment of the undeformed holey and hexagonal patterns is maintained, the rarely observed composite pattern probably results. The axial position of these two layers in the wall cannot be revealed by thin sectioning, owing to the fact that the hexagonal layer cannot be identified in section, as it shows no differential staining.
Components characteristic of lipoproteins and polysaccharides were present in the soft hexagonal layer, and mucopeptide components were present in the more rigid holey layer. The presence of lipid, protein, and polysaccharide, in addition to mucopeptide, although exceptional in walls of gram-positive bacteria, is common-place among gram-negative bacteria. Several such layers were described in Escherichia coli (20); they were not separated intact, but their structure and chemistry were deduced after stepwise removal of each component (20) . Regular patterned layers in the outer structures of Lampropedia hyalina and Spirillium serpens showed hexagonal packing (8, 26) The physical separation of the pink and white components of the walls of M. radiodurans RI apparently required two enzymatic steps, autolysis and digestion with trypsin. In the normal preparation of walls, the suspension was heated immediately after cell breakage to destroy autolytic enzymes. In a preparation (12) in which separation occurred, morphological investigations resulted in the broken cells being left at room temperature for an unrecorded period of time (not more than 2 hr). To repeat the separations, it was necessary to incubate the broken cells for as long as 5 hr at 37 C. The results of preparation 12 cannot be explained.
Autolysis was also observed in whole cells stored as pads at 2 C. In one preparation only, where whole cells were stored as pads for 5 days, a subsequent separation of wall components occurred after trypsin treatment. Glauert (15) reported that an unheated fragmented wall preparation of M. radiodurans, stored for 2.5 years at 5 C, lost its entire "holey" layer. Unexplained potentiation of autolysis by trypsin was observed in Streptococcus (6, 33) . The site of attack on M. radiodurans by its autolytic system was different from the site of attack of lysozyme, since the dark dots in the middle of the pegs in the "hexagonal" layer were not affected by autolysis, whereas these dark dots disappeared during lysozyme treatment.
Lysozyme did not solubilize the entire holey mucopeptide layer; there remained a bag-shaped residue which had lost all its muramic acid and glucosamine and had a different amino acid pattern from the original mucopeptide. It is not possible to say whether this lysozyme-resistant component is another layer on which the holey structure is superimposed, or whether the lysozyme-resistant component is evenly dispersed in the holey fraction. It is noteworthy that the sheaves or ribbonlike inclusions were also unaffected by lysozyme (Fig. 11, 12a) . No explanation of these inclusions can be made.
The chemical composition of the walls confirms that M. radiodurans is an atypical gram-positive bacterium, as suggested by Work (38) . Separation of the lipoprotein-polysaccharide fraction resulted in confirmation of the mucopeptide composition previously deduced from examination of the soluble nondialyzable lysozyme digest (38) . The diamino acid of the mucopeptide, L-ornithine, was identified in one other species (21); D-ornithine was present in the walls of several species of bacteria (12, 27, 37) . Glycine was found in some staphylococcal and micrococcal mucopeptides, but most species contained aspartic acid and serine instead (4). Ribose, a common sugar in coccal walls, was not found in M. radiodurans walls. The lipoprotein-polysaccharide was unusual in that it contained significant amounts of odd-numbered fatty acids, which are not frequently found in bacteria. Rhamnose is known to be associated with bacterial lipid and polysaccharide fractions.
The constant occurrence of small amounts of nieso-and LL-diaminopimelic acid in the mucopeptide fractions of walls of M. radiodurans is puzzling, since this amino acid is seldom found in conjunction with other diamino acids. A lipoprotein fraction extracted by aqueous phenol from walls of strain RI (but not from W1), was relatively rich in this amino acid but contained no detectable ornithine. This suggests that diaminopimelate is not associated with mucopeptide in M. radiodurans.
Comparison of pink parent R1 strain and the white W1 mutant suggests that their mucopeptides are similar but that the lipoprotein component is largely absent from strain W1. However, a small amount of a component exhibiting typical hexagonal packing was observed in walls from strain W1 (Fig. 9 ). This component was once separated as a colorless lipid-free preparation, suggesting that the lipid component is not responsible for the hexagonally packed pegs and spokes of the wall of strain R1. Strain W1, although highly resistant to radiation, had an exponential survival curve to X-rays, instead of the sigmoidal curves shown by pink strain R1 (22, 23 This investigation of wall morphology and chemistry did not provide any direct clue to explain the high radiation resistance of M. radiodurans. The only features entirely specific to the walls of this organism are the holes, which completely traverse the mucopeptide layer and possibly align with other holes in the center of the pegs in the hexagonal layer.
